Background: Norway has the highest hip fracture rates worldwide and a relatively high vitamin A intake. Increased fracture risk at high intakes and serum concentrations of retinol (s-retinol) have been observed in epidemiologic studies. Objective: We aimed to study the association between s-retinol and hip fracture and whether high s-retinol may counteract a preventive effect of vitamin D. Design: We conducted the largest prospective analysis of serum retinol and hip fracture to date in 21,774 men and women aged 65-79 y (mean age: 72 y) who attended 4 community-based health studies during 1994-2001. Incident hip fractures occurring up to 10.7 y after baseline were retrieved from electronic hospital discharge registers. Retinol determined by high-pressure liquid chromatography with ultraviolet detection in stored serum was available in 1154 incident hip fracture cases with valid body mass index (BMI) data and in a subcohort defined as a sex-stratified random sample (n = 1418). Cox proportional hazards regression weighted according to the stratified case-cohort design was performed. Results: There was a modest increased risk of hip fracture in the lowest compared with the middle quintile of s-retinol (HR: 1.41; 95% CI: 1.09, 1.82) adjusted for sex and study center. The association was attenuated after adjustment for BMI and serum concentrations of a-tocopherol (HR: 1.16; 95% CI: 0.88, 1.51). We found no increased risk in the upper compared with the middle quintile. No significant interaction between serum concentrations of 25-hydroxyvitamin D and s-retinol on hip fracture was observed (P = 0.68). Conclusions: We found no evidence of an adverse effect of high serum retinol on hip fracture or any interaction between retinol and 25-hydroxyvitamin D. If anything, there tended to be an increased risk at low retinol concentrations, which was attenuated after control for confounders. We propose that cod liver oil, a commonly used food supplement in Norway, should not be discouraged as a natural source of vitamin D for fracture prevention.
INTRODUCTION
Norway is a Scandinavian high-latitude country with high fracture rates (1) . The highest incidence rate of hip fractures worldwide through the previous 4 decades has been reported in Oslo, Norway (2) (3) (4) (5) . The reasons for the particularly high fracture rates are not known.
Vitamin A has been linked to bone health and fracture risk (6, 7) . Vitamin A is a common designation for organic compounds that have the same biological activity as retinol (8) . Humans acquire vitamin A through the diet in form of provitamin A carotenoids from plant foods and preformed retinol mainly from animal fat sources. Retinol is the precursor of retinoic acid, a fatsoluble transcription factor influencing cell differentiation, immune function, and reproduction. Retinoic acid may stimulate osteoclast activity (9) or inhibit osteoblast activity (10) . Excess vitamin A has been associated with compromised bone metabolism in animal and in vitro studies (6, 11) . Although the evidence of an effect of vitamin A on bone health in humans is inconsistent, several studies have suggested adverse effects on bone mineral 1 Supported by a grant from the Research Council of Norway. The serum sample analyses in the second Nord-Trøndelag Health Study were partly funded by a grant from Central Norway Regional Health Authority. KH's salary while writing the manuscript was funded by the Norwegian Institute of Public Health. 2 Supplemental Figures 1 and 2 are available from the "Online Supporting Material" link in the online posting of the article and from the same link in the online table of contents at http://ajcn.nutrition.org.
*To whom correspondence should be addressed. E-mail: kristin.holvik@ fhi.no.density, bone turnover, and fracture risk of high retinol intakes (12) . In a population-based prospective study from Norway, periand postmenopausal women who had taken supplemental cod liver oil rich in vitamin A during childhood had an increased risk of osteoporosis (13) . A handful of population-based prospective studies have examined the association between dietary intakes or serum concentrations of vitamin A and risk of hip fracture (14) (15) (16) (17) (18) (19) . These were recently summed up in a meta-analysis that concluded that retinol seemed to exhibit a U-shaped relation with fractures, including hip fracture (20) . Four populationbased studies from Sweden and the United States found an increased risk of hip fracture at high intakes (14, 15) or high serum concentrations (16, 17 ) of retinol (s-retinol), 15 whereas 2 other studies did not find any significant association with dietary intakes (18) or serum concentrations (19) in postmenopausal and older women, respectively.
Retinoic acid and the active vitamin D hormone (1,25-dihydroxyvitamin D) both act as transcription factors through specific nuclear receptors. For 1,25-dihydroxyvitamin D to exert its biologic effect, the vitamin D receptor must form a heterodimeric complex with the retinoid X receptor (21) . At high concentrations of vitamin A combined with low vitamin D status, the complex may dissociate, leading to reduced vitamin D action (22) . In a cross-sectional study on Spanish postmenopausal women, a combination of high s-retinol and low serum concentration of 25-hydroxyvitamin D [s-25(OH)D] was associated with lower calcaneal bone mineral density measured by quantitative ultrasound (23) . As far as we are aware, the net in vivo effect of a potential interaction between vitamins A and D on fracture risk has not yet been investigated in a population-based study.
In the Nordic countries, including Norway, vitamin A intake is high, in contrast to the Mediterranean countries (24) (25) (26) . We hypothesized that high concentrations of vitamin A in the population may be a contributor to the high fracture incidence in Scandinavia by counteracting the bone-protective effects of vitamin D. Our aim was to investigate whether serum retinol concentrations in elderly men and women were independently associated with risk of incident hip fracture and whether high s-retinol may interact with the inverse association between high s-25(OH)D and hip fracture risk.
METHODS
We performed a multicenter case-cohort analysis by using baseline data from 4 population-based studies in Norway: the fourth survey of the Tromsø Study, 1994; the second NordTrøndelag Health Study, 1995-97; the Hordaland Health Study, 1997-99; and the Oslo Health Study, 2000-01. The data material is described in detail elsewhere (27) . Briefly, a cohort of 21,774 men and women aged 65-79 y participated in baseline examinations during 1994-2001 and were followed up with regard to hip fracture for up to 10.7 y. Fat-soluble vitamins were determined in stored sera of cases and sex-stratified random samples of 4.5% of men and 9.0% of women in the cohort.
Baseline information
The baseline examination included collection of nonfasting blood samples, which were frozen and stored; anthropometric measurements (weight and height); blood pressure measurements; and questionnaire data. The 4 health studies are part of Cohort of Norway (28) , and thus common questionnaire and background data were available. The data collected included information about self-reported previous fracture, physical activity, cigarette smoking, use of medication, chronic diseases, and self-rated health.
Deaths and emigration
Dates of death and emigration were obtained from the Nor- 
Case identification and selection of subcohort
Information on incident hip fractures after the baseline examinations was retrieved from hip fracture registers at each of the 4 study sites, as previously described (27) . Case identification was based on diagnosis codes and surgical procedure codes in the hospitals' electronic patient administrative systems. A hip fracture was defined as the first fracture of the proximal femur occurring during the observation period. The discharge diagnoses used to classify a hip fracture were according to the International Classification of Diseases, Ninth Revision (820-820.9) and Tenth Revision (S72.0-S72.2).
To approximate the anticipated cumulative incidences of hip fracture and allowing for the possibility of missing or insufficient serum, the sex-specific subcohorts were defined as random unmatched samples of 4.5% of men and 9.0% of women in the study population at baseline (Figure 1 ).
Biochemical measurements
Frozen serum samples were sent to AS Vitas, where they were analyzed in 2011. Samples from cases and noncases at each study center were analyzed simultaneously. Biobank staff and laboratory staff were blinded with regard to case status. Retinol was determined by reverse-phase HPLC with UV detection. In total, 100 mL serum was diluted with 300 mL 2-propanol containing the internal standard trimethylmethoxyphenyl-retinol and butylated hydroxytoluene as an antioxidant. After thorough mixing (15 min) and centrifugation (10 min, 4000 3 g at 108C), an aliquot of 7 mL was injected from the supernatant into the HPLC system. HPLC was performed with an HP 1100 liquid chromatograph (Agilent Technologies) with an HP 1100 singlewavelength ultraviolet detector operated at 325 nm. Retinol was separated from the matrix and internal standard on a 4.6-mm 3 25-mm reverse-phase column. Two-point calibration curve was made from analysis of plasma calibrators with known retinol concentrations. The column temperature was 408C. Recovery was .95%, the method was linear from 0.1 to 10 mmol/L at least, and the limit of detection was 0.01 mmol/L. CV was 4.9% (1.2 mmol/L) and 5.8% (1.7 mmol/L).
25-Hydroxyvitamin D [25(OH)D]
was determined by HPLCatmospheric pressure chemical ionization-mass spectrometry, and a-tocopherol was determined by HPLC-fluorescence detection, as previously described (27, 29) .
Statistical analysis
Statistical analyses were performed with R open-access statistical software (30) . Forest plots were produced with STATA 13 (StataCorp LP). The usual method for analyzing stratified casecohort data is by a weighted Cox proportional hazards regression where weighting is by the inverse of the sampling probabilities (31, 32) . We performed Cox regression modified for the sexstratified case-cohort design by using the function "cch" in the R library "survival" (33) . Age was used as time variable, lefttruncated at age at baseline examination. Risk of hip fracture was examined across quintiles of s-retinol and across the distribution of s-retinol by plots by using Cox proportional hazards regression with penalized splines of s-retinol, inversely weighted by inclusion probabilities in the case-cohort sample (34) . All analyses were adjusted for sex and study center. In additional analysis, s-retinol was entered as a continuous variable to test a possible dose-response relation. Statistical interaction was tested by the Wald x 2 test for interaction between s-retinol and, respectively, study center, BMI, sex, age at baseline, and s-25(OH)D. In addition, the relation between s-25(OH)D and hip fracture was studied within strata of s-retinol to explore whether an association between serum 25(OH)D and risk of hip fracture varied across concentrations of s-retinol.
Potential confounding variables were known risk factors for hip fracture, which also correlated with s-retinol: BMI, daily cigarette smoking, physical inactivity, educational level, concentrations of s-25(OH)D and a-tocopherol, and self-rated health (to account for potential unmeasured confounding by health behavior).
Ethical approval
The 4 regional parts of this study were approved by the re- 
RESULTS

Hip fractures
During a median observation time of 8.2 y, 1232 individuals [340 men (3.4%) and 892 women (7.5%)] had a hip fracture, and the randomly sampled subcohorts included 1502 individuals, of whom 93 were cases (27) . The flow of participants is shown in Figure 1 . After exclusion of 104 persons with missing or insufficient serum (3.9% of the original sample), 23 who withdrew their consent during the study (0.9%), and 26 with missing height or weight measurements (1.1%), the sample included in the main statistical analysis constituted 1154 cases and 1333 noncases. Missing serum, withdrawals, and missing BMI information were equally distributed in cases and noncases (Figure 1 ).
Serum retinol
Mean 6 SD s-retinol in the subcohort was 2.93 6 1.04 mmol/L. s-Retinol varied by study center (P , 0.001), with highest mean 6 SD concentrations in the 2 northernmost study centers of Tromsø (3.31 6 1.09 mmol/L) and Nord-Trøndelag (3.16 6 1.01 mmol/L) and lower concentrations in the southern centers of Hordaland (2.44 6 0.71 mmol/L) and Oslo (2.23 6 0.91 mmol/L). Concentrations were higher in men than in women; mean 3.06 vs. 2.87 mmol/L (P = 0.002). Seventeen individuals in the subcohort (1.2%) had s-retinol ,0.70 mmol/L.
There were only modest differences in baseline characteristics according to s-retinol quintiles ( Table 1) . Mean age at baseline was 72 y, and s-retinol was inversely related to age, with lower concentrations in the oldest. BMI was lower at low s-retinol in women. Among women, there were also a higher proportion of daily cigarette smokers and a higher proportion reporting osteoporosis and previous forearm fracture at low s-retinol. Serum concentration of a-tocopherol (s-a-tocopherol) was higher at higher s-retinol. Spearman r for the correlation between s-retinol and s-a-tocopherol in the subcohort was 0.20 (P , 0.001), whereas that between s-retinol and s-25(OH)D was 0.05 (P = 0.041).
Risk of hip fracture according to serum retinol
There was a statistically significant 41% higher risk of hip fracture in the lowest quintile of s-retinol (,2.12 mmol/L) than in the middle quintile (2.56-2.97 mmol/L), after adjustment for age and study center. This association was attenuated after further adjustment for BMI and s-a-tocopherol (Table 2, Figure 2) . Correspondingly, entering s-retinol as a continuous variable, there was a linear inverse association between s-retinol and hip fracture, with an HR of 0.90 (95% CI: 0.82, 0.98) per 1 mmol/L higher s-retinol when adjusted for age, sex, and study center. This association was not materially affected by daily cigarette smoking or s-25(OH)D, but it was attenuated after including either of the variables BMI or s-a-tocopherol, with an HR of 0.98 (95% CI: 0.88, 1.08) per 1 mmol/L in the model, including age, sex, study center, BMI, smoking, s-25(OH)D, and s-a-tocopherol.
In a multivariable-adjusted model adjusting for age, study center, sex, BMI, smoking, educational level, self-rated health, s-25(OH)D, and s-a-tocopherol, there was no association between s-retinol and hip fracture, with HRs (95% CIs) of 0.99 (0.88, 1.10) per 1 mmol/L higher s-retinol, 1.11 (0.82, 1.51) for the lowest vs. middle s-retinol quintile, and 1.08 (0.78, 1.49) for the highest vs. middle quintile. The associations were not affected by adjustment for time since last meal (data not shown). Nor were the results affected by excluding those reporting use of estrogen, bisphosphonates, or glucocorticoids at baseline (n = 212) in sensitivity analysis. Survival plots and spline analysis stratified by use of cod liver oil supplements indicated that there was no time-dependent effect of s-retinol on hip fracture (Supplemental Figures 1 and 2) .
The interaction term between s-25(OH)D and s-retinol on hip fracture was not statistically significant (P = 0.68) when entered as a continuous variable and adjusted for age, sex, study center, and BMI. The association between s-25(OH)D and hip fracture was not materially different in 2 strata of s-retinol divided at the median (not shown). An interaction term between sex and s-retinol on hip fracture was not significant: P = 0.34 with s-retinol as a continuous variable adjusted for age and study center (P = 0.44 with additional adjustment for BMI). Nor was there any statistical interaction between age at baseline and s-retinol on hip fracture (P = 0.49) or between BMI and s-retinol on hip fracture (P = 0.12). In Norway, the retinol content in cod liver oil was reduced in 1999, but we observed no statistical interaction between study center and serum retinol concentrations on hip fracture (age and sex adjusted, P = 0.34), implying similar risk patterns across the participating study centers. 
DISCUSSION
In this large case-cohort study, we observed an inverse association between s-retinol and risk of hip fracture, which was statistically significant in women but not in men. The association was attenuated after adjustment for BMI and s-a-tocopherol. There was no evidence of an increased fracture risk at high retinol concentrations. In post hoc analyses, the results were unaltered by taking into account body height, serum total cholesterol concentrations, or frequency of alcohol consumption (not shown).
To our knowledge, only 3 prospective studies have specifically examined the association between serum retinol concentrations and risk of incident hip fractures in individuals from the general population, all reported in the recent meta-analysis by Wu et al. (20) . For 2 of these studies and our present data, we have summed up the HRs for hip fracture in the fifth vs. third quintile and the first vs. third quintile of s-retinol, respectively, in Figure 3 . The third study (19) is not included in the figure because it is unclear how the numbers were arrived at. The distributions of serum retinol concentrations in our data were considerably higher than in the previous studies. A possible reason is a higher intake of fish and cod liver in our population, particularly in northern Norway.
In the Uppsala Longitudinal Study of Adult Men (16), 2322 men aged 49-51 y were followed for up to 30 y with regard to fractures. The risk was increased only in the highest quintile (.2.64 mmol/L), with a multivariate RR for hip fracture in quintile 5 vs. quintile 3 of 2.47 (95% CI: 1.15, 5.28).
In the NHANES I cohort (17), 2799 women aged 50-74 y were followed for up to 22 y, during which time 172 women had a hip fracture. There was no linear relation between serum vitamin A (retinol and retinyl esters) and risk of hip fracture. Analysis by quintiles revealed a U-shaped relation, with significantly higher risk of hip fracture in the lowest (HR: 1.9; 95% CI: 1.1, 3.3) and highest (HR: 2.1; 95% CI: 1.2, 3.6) quintiles than in the middle quintile.
The association between s-retinol and hip fracture was also studied in a nested case-control analysis in the placebo arm of a randomized trial of clodronate in older British women. The analysis included 92 hip fracture cases (312 any-fracture cases) followed for a mean of 3.2 y and 3 controls per case. They found no association between s-retinol or other retinoids and risk of hip or any fracture (19) .
In addition, a recent follow-up of middle-aged Australian men and women who had previously participated in a vitamin A supplementation trial found no relation between plasma retinol concentrations and self-reported osteoporotic fractures occurring during up to 17 y of follow-up (35) .
Others have reported lower serum retinol concentrations in patients with osteoporosis compared with normal controls (36, 37) . In our study, we also observed lower retinol concentrations in those reporting prevalent osteoporosis, women, the oldest, those with a low BMI, and daily cigarette smokers-in other words, those with the anticipated highest fracture risk. Dietary sources rich in preformed retinol are generally foods associated with a high energy and protein density, which is anticipated to be bone protective through nutritional status, muscle mass, and body weight (38) . We may speculate that the discrepancy in findings between studies could be attributed to variations in sources providing vitamin A in different populations. Older Norwegians have a high retinol intake from a diet traditionally rich in fatty fish (39) . Traditional meals rich in cod liver and cod liver oil are more common in northern Norway, and a higher reported fish consumption in northern Norway compared with other regions (40) may reflect this. Overall, the quantitatively most important dietary sources of retinol in the Norwegian diet are meat, high-fat dairy products, and margarine (40) , the latter being the only vitamin A-fortified food marketed in Norway. It is likely that a low proportion of retinol consumed in this population stems from water-miscible emulsified preparations, which may be metabolized differently and consequently are more toxic (41) . No evidence of a harmful effect on bone of retinol supplementation, predominantly from fish oil, could be found in a study in older nursing home residents in 2 cities in Norway (42) .
Several studies have examined the relation between dietary vitamin A intake estimated from food-frequency questionnaires and bone mineral density or fracture risk, with divergent findings (14, 15, 18, (43) (44) (45) (46) . A review summarizing 20 studies published up to 2004 on the role of vitamin A intake in osteoporosis (12) concluded that although it was not possible to set a specific intake level of vitamin A above which an adverse effect on bone may be anticipated, vitamin A-containing supplements should not be used with the express goal of improving bone health. In the current study, total vitamin A intake calculated from a foodfrequency questionnaire was available only in the Hordaland Health Study substudy (207 hip fracture cases and a subcohort of 192). We found no association between estimated daily retinol intake and hip fracture in this subset (not shown).
An inverse association has recently been demonstrated between s-a-tocopherol and hip fracture (29, 47) . In our study, a-tocopherol, 25(OH)D, and retinol were measured simultaneously in serum from the same individuals. This allowed us to adjust adequately for possible confounding. Without this adjustment, we found an inverse association between s-retinol and hip fracture ( Table 2 ). In the analysis including all 3 vitamins (not shown), a-tocopherol showed a clear inverse association with risk of hip fracture, whereas 25(OH)D showed a borderline inverse association with risk of hip fracture. Strengths of our study include the community-based prospective design and the large number of events, retrieved from patient administrative systems and subsequently confirmed in medical records and Xray archives.
A weakness pertaining to all studies using measurements of retinol as exposure is the limited validity of this biochemical marker. Retinol reflects enzymatic conversion of various retinoids and is regarded as the best biochemical indicator of vitamin A intake and status (48) . However, unlike circulating 25(OH)D, which reflects vitamin D supply from diet and sun exposure in the course of the previous month (49), a corresponding established biochemical indicator of nutritional vitamin A status is not available. This is due to the metabolism of vitamin A, which is mainly stored in hepatic stellate cells and is released into the circulation to provide adequate circulating concentrations (8, 48) .
A specific limitation to this study is that other retinoids or carotenoids were not measured. Precursors of retinol may have different physiologic effects. One of these is b-carotene, which appears to be beneficial to bone (50) (51) (52) . Possible opposing actions of b-carotene and preformed retinol could not be disentangled in this study.
It is a limitation that the questions concerning diet and supplements posed in the 4 substudies were not readily comparable and that only 52% responded to questions concerning cod liver oil supplement use. Another limitation is the long-term storage of the serum samples, varying between 10 and 17 y depending on study center. There is scarce information concerning long-term stability of retinol in stored serum samples. A literature review concluded that retinol appears to remain stable for at least 15 y if kept frozen at below 2708C and even at higher temperatures (53) . We believe that degradation of retinol has not influenced our results substantially and that subjects have been adequately classified according to distribution of serum retinol concentrations. Samples from cases and noncases at each study center were analyzed simultaneously. We observed expected and plausible associations between serum retinol and covariates, as well as with the outcome in unadjusted analysis, which was attenuated when including confounders. The distribution of serum retinol concentrations did not depend directly on storage time in our study: concentrations were highest in Tromsø, with the longest storage time, and lowest in Oslo, with the shortest storage time. In general, the distribution of serum retinol in our study was higher than those previously reported in other populations (16, 17, 19, 54) .
In conclusion, in this community-based case-cohort study of older home-dwelling Norwegians, the largest of its kind, we could not demonstrate any adverse effect of high serum concentrations of retinol on hip fracture. Thus, retinol is not responsible for the high incidence of hip fractures in Norway. If anything, there tended to be an increased risk at low serum concentrations, which was attenuated after controlling for confounders. We found no evidence that a protective effect of high 25(OH)D on risk of hip fracture is counteracted by high retinol concentrations. We propose that cod liver oil should not be discouraged as a natural source of vitamin D supplementation for fracture prevention.
